Introduction
Vibration reduction is a critical problem related to the maneuvering of flexible spacecraft, which often employs large flexible structures such as solar arrays. These flexible structures are generally lightweight and have relatively low damping for the fundamental and initial few modes. Further, the frequencies associated with these modes are low. Therefore, vibration control of these modes becomes an important issue in satellites and other large spacecraft structures.
Active vibration control has been increasingly used as a solution for flexible spacecraft to achieve the degree of vibration suppression for required precision pointing accuracy. Over the last decade the usage of piezoceramics as actuators and sensors has considerably increased and they provide effective means of highquality actuation and sensing mechanism ͓1͔. To utilize the advantages of piezoceramics, it is necessary to select appropriate positions of the actuator and sensor and to select the effective control algorithms to feed back the sensor signals to the actuators. The problem selecting the locations of the actuator/sensor is a complete problem in itself and thus will not be addressed in this paper. There has been some work in this area as can be seen in Refs. ͓2,3͔. For the second problem, a wide range of approaches have been proposed for using piezoelectric material to actively control vibration of flexible structures. Negative velocity feedback control ͓4͔ is an effective method for active damping, which is of the greatest immunity from the destabilizing effects of spillover, and, in the absence of actuator dynamics, is unconditionally stable. However, the unmodeled phase shift is one of the most important effects which limit the performance of feedback controllers in practical mechanical systems. Positive position feedback ͑PPF͒ control ͓5-8͔ is another effective technique for active vibration reduction by feeding the structural position coordinate directly to the compensator and the product of the compensator and a gain positively back to the structure. As with negative velocity feedback, the method is not sensitive to spillover, but, in addition, it is not destabilized by finite actuator dynamics. PPF offers quick damping for a particular mode provided that the modal characteristics are well known. Hu et al. used the PPF to actively reduce the vibration of a smart flexible spacecraft with PZT sensor and actuator ͓7,8͔. Linear quadratic Gaussian ͑LQG͒ design was applied ͓9-11͔ for vibration reduction. The control input of LQG is designed to optimize the weighted sum of the quadratic indices of energy ͑control input͒ and performance. By adjusting the weights, LQG design can meet a specific requirement, for example, to minimize the tip deflection and rotation of a flexible structure. Han et al. ͓10͔ used the modeling techniques and LQG control of composite plate. Prakah-Asante and Craig ͓11͔ presented the LQG method for multi-channel control of vibration transmission of disturbances in finite beam structures bonded with piezoceramics. Other motivations and benefits in the use of active control technology can also be found in Ref. ͓12͔ .
A second critical problem, which often affects flexible spacecraft, in addition to structural flexibility, is the model uncertainties. The flexible spacecraft is governed by the partial differential equation ͑PDE͒ as a system of distributed parameters and therefore possesses an infinite number of dimensions, which makes it difficult to control. Controller design for flexible spacecraft is in general based on an approximated finite-dimensional model by truncating the infinite number of modes to a finite number through neglecting the higher frequency modes. Model inaccuracies can have strong adverse effect on flexible dynamics system. Variable structure control ͑VSC͒ ͓13,14͔ is an effective approach to deal with uncertainties and inaccuracies for nonlinear systems due to its simplicity and effectiveness as well as its robustness. Park et al. ͓15͔ proposed a two-stage sliding mode controller for vibration suppression of a flexible pointing system. Huang et al. ͓16͔ proposed a sliding-mode control scheme to suppress transverse vibration of an axially moving string system by adjusting the axial tension of the string. Yu et al. ͓17͔ proposed a fuzzy sliding-mode control strategy which consists of fuzzily amalgamated slidingmode controls of the system linearized around a set of operating points. Lin et al. ͓18͔ applied the genetic algorithm to search a suboptimal fuzzy rule-base for a fuzzy sliding-mode controller. Wang et al. ͓19͔ proposed an indirect adaptive fuzzy sliding-mode control scheme for a class of nonlinear systems by using the concept of sliding-mode control design and Lyapunov synthesis approach. However, the conventional VSC is always limited to the systems with full-state feedback. In practical application, full measurement of state might be neither possible nor feasible, such as the measure of the variables describing the flexible motion, the modal position, and the velocity of the flexible spacecrafts. Even though some asymptotic observers and dynamic compensators have been used in variable structure system to deal with the unavailability of states ͓20,21͔, they possibly increase the complexity of the system. Several authors have considered VSC in the static output feedback format ͓22-26͔. Linear systems using the variable structure output feedback control ͑VSOFC͒ have been considered by Heck and Ferri ͓22͔. Zak et al. ͓23͔ studied the use of the output feedback in variable structure control with uncertainties for a class of controllers. Yallapragada et al. ͓26͔ have considered the reaching condition design for the variable structure control with static output feedback.
This paper explores the applicability of the variable structure output feedback control ͑VSOFC͒ approach to flexible spacecraft for large angle rotational maneuvers and integrates it with active vibration control technique using piezoceramics as the actuator/ sensor to actively suppress the elastic mode vibrations. The proposed control system includes the attitude controller acting on the rigid hub, designed by the VSOFC method, and the uniform piezoelectric materials as the actuator/sensor bonded on the surface of the beam, designed by three control algorithms, namely, constant-gain negative velocity feedback ͑CGNVF͒ control, positive position feedback ͑PPF͒ control, and linear-quadratic Gaussian ͑LQG͒ control. The attitude controller consists of a linear feedback term plus a discontinuous term, which guarantees that the sliding mode exists and is globally reachable under a very mild restriction, stabilizes the flexible spacecraft system in which the attitude and angular rate information are available and no estimated modal information is required, and passively suppresses the relatively large amplitude vibrations excited by rapid maneuvers. However, it is of interest to further control and suppress the flexible vibration while the spacecraft is experiencing large angle rotational and large translations. To achieve this, active vibration control using piezoelectric materials as the actuator and sensor is adopted. The results of CGNVF, PPF, and LQG control strategies for vibration suppression of the flexible appendage using piezoceramics are given and discussed. Figure 1 shows the model of a flexible spacecraft, which consists of a rigid hub with radius b, a uniform cantilever flexible beam with surface-bonded piezoelectric sensors and actuators, the length l and the tip mass m t . Define the OXY and oxy as the inertial frame and the frame fixed on hub, respectively. The attitude angle denotes the relative motion of these frames. Denote W͑x , t͒ as the flexible deformation at x with respect to the oxy frame, where x ͓0,l͔.
Dynamic Modeling
For system modeling, several assumptions are made: ͑i͒ the beam is considered to be a Euler-Bernoulli beam and the axial deformation is neglected; ͑ii͒ the piezoelectric layer is homogeneous and is uniaxially polarized; ͑iii͒ the piezoelectric material is perfectly bonded to the beam; and ͑iv͒ the gravitational effect, hub dynamics, and internal/external disturbances are neglected for simplicity.
To obtain the equations of motion for the spacecraft with flexible appendage surface-bonded piezoelectric sensors and actuators, a general procedure is employed as follows:
Step 1͒ The velocity of an arbitrary point on the beam is obtained from kinematics with elastic displacement of the beam discretized by the assumed modes methods.
Step 2͒ This velocity is used to calculate the kinetic energy of the beam and each of the piezoelectric elements which can be summed to obtain the total kinetic energy.
Step 3͒ The potential energy of the beam and piezoelectric is calculated as well as the work done by all applied forces. These quantities are used to obtain the total work. Differential equations of motion are then found via the extended Hamilton's principle. The system of equations is reduced and converted to modal coordinates by solving the associated eigenvalue problem and damping is added to the model by assuming modal damping.
In this manner, the resulting equations of motion for the flexible spacecraft with piezoelectric sensors/actuators are ͓8,27,28͔
where Eq. ͑1a͒ represents the rigid-body motion and its coupling to the flexible beam, Eq. ͑1b͒ is the flexible beam equation showing coupling to the rigid-body motion and the piezoelectric actuator, and Eq. ͑1c͒ is the operating equation or "sensor equation." The variables and symbols used in these equations are defined as follows: J is the flexible spacecraft moment of inertia; T is the control and disturbance torque; F is the rigid-elastic coupling vector, comprised of components F i ; q is the modal coordinate vector, comprised of components q i ; Z is the modal damping matrix, diag͕2 i i ͖ ͑diagonal͒; is the matrix of natural frequencies, diag͕ i 2 ͖ ͑diagonal͒; B a is the electro-mechanical coupling term corresponding to the actuator; B s is the electro-mechanical coupling term corresponding to the sensor; ␥ is the constant of the piezoelectric material; v a is the piezoelectric actuator voltage; v s is the piezoelectric sensor voltage; and n is the number of modes.
The objective of this study is a rest-to-rest maneuver, and the whole structure is rotated about the vertical axis from a rest state to another rest state in the shortest time possible. The angle ͑t͒ is rotated from initial state to d ͓0,2͔, for example, set to 60 deg throughout this study. The sensor output available for the attitude output feedback control is hub angle and angular rate , and no state estimator is involved. Based on the customary requirements of the flight task of actual spacecraft, the control scheme should also satisfy the following dominating demands: ͑1͒ short transient time, no overshooting or less overshooting, and high precision, and less vibration stirred; and ͑2͒ strong capability to resist disturbance of vibrations in both the transient process and steady state.
Control Strategies
The control system for vibration reduction of a flexible spacecraft during attitude maneuvers consists of two independent systems, as shown in Fig. 2 . This hybrid control scheme provides some potential advantages. One of the advantages is that the central control system acting on the rigid part guarantees the system stability and the independent flexible control system further suppress the vibrations. The effectiveness of this control approach will be further demonstrated in the latter problem of large angle maneuvers.
Variable Structure Output Feedback Controller
(VSOFC) Design. We first formulate the variable structure output feedback controllers acting on the rigid hub to determine the flywheel torques, which consequently command desired positions of the flexible spacecraft. The equations of motion for the flexible spacecraft without piezoceramics can be expressed as follows:
The definitions of the variables and symbols used in Eq. ͑2͒ are the same with Eq. ͑1͒. The flexible spacecraft model given in Eq. ͑2͒ is of infinite dimension and is too large to derive the control law, whereas the low-frequency modes are generally dominant in a flexible system and are major concerns for vibration suppression. Hence, the smaller order model consisting of only the hub angle and the first two modes of vibration and their derivatives is selected to be the control design model. Take the state vector as x = ͓ q 1 q 2 q 1 q 2 ͔ T , x R 6 . Therefore, the reduced-order model of flexible spacecraft can be written
It is assumed that the lumped nonlinearities and/or uncertainties part of the system f͑x , t͒ is bounded and matched, that is f͑x , t͒ = B͑x , t͒, and there exists a known nonnegative scalar function k͑·͒ :
T is the desired state and ẋ d = ͓ d 0 0 0 0 0͔ T . Differentiating e with respect to time, we obtain
Substituting Eqs. ͑3͒ into ͑4͒, then
The error equation can be written as
It is easily found that the pair ͑A , B͒ is controllable and the pair ͑A , C͒ is observable with the matrices B and C being of full rank, and rank ͑CB͒ =1.
Our goal is to design a variable structure output feedback controller which drives the system trajectory onto a prespecified switching surface. The linear sliding ͑switching͒ surface selected is of the form
where G R 1ϫ2 maintains the trajectory on this surface and forces e to go asymptotically to zero in spite of the presence of uncertainties. Therefore, the behavior of the system in sliding, neglecting the uncertain term, is governed by
Switching surface G is assumed to have already been chosen such that GCB is invertible and Eq. ͑8͒ has desired characteristics.
Remark 1. Note that a nonsingular transformation of switching surface does not change the sliding mode dynamics. If a particular switching surface S 1 = G 1 y e is chosen, it can be transformed to S = Gy e , where G = ͑G 1 CB͒ −1 G 1 . Without loss of generality, we can assume that GCB = I.
The reaching condition is defined by
One important feature of the variable structure control ͑sliding mode control͒ technique is that the control input should be designed such that the reaching condition Eq. ͑9͒ is satisfied. The following theorem gives the control scheme to maintain the sliding mode condition.
Define the singular value decomposition of GC as GC = U⌺V 1 T , where U R, ⌺ R and V 1 R 6ϫ1 . THEOREM. Consider the dynamic equation as described in (6 Proof. Submission of N into the reaching condition in Eq. ͑9͒ yields
If e is decomposed as e = e k − e p , where e k N͑GC͒ and e p N Ќ ͑GC͒, then GCe = GCe p . Simplify the first term on the righthand side using GCB = I, and then decompose it as follows:
From the definition GC = U⌺V 1 T , then there exists some vector ␤ for e p such that e p = V 1 ␤. Using V 1 T V 1 = I and U T U = I, the second term on the right-hand side of Eq. ͑12͒ is zero, and so the expression in Eq. ͑11͒ reduces to
If ⍀ജʈe k ʈ, an upper bound for the expression in Eq. ͑13͒ is given by
If ␣ Ͼ ͑ʈGCAʈ⍀ + k͒, the sliding condition S T Ṡ Ͻ 0 is satisfied. Note that to reduce chattering in an actual implementation, the discontinuous control often is replaced by a smoothed control of the form
where ␦ Ͼ 0 is small.
In the previous theorem, the scalar parameter ␥ in the gain N needed to be chosen positive. With a proper choice of ␥, the reaching time ͑i.e., the time spent in the reaching phase͒ can be reduced. This is important because the robustness properties afforded by the control law only hold during the sliding phase. Next it is shown that ␥ Ͼ 0 can always be chosen to make the origin globally asymptotically stable. LEMMA 1. ͑See Ref. 
Omitted for brevity; see, e.g., ͓26͔ and references therein.
The developed method makes the best use of the measurement y e to increase the size of the region in which the reaching condition S T Ṡ Ͻ 0 is satisfied and the sliding surface is globally reachable. However, the control law ͑10͒, which in the variable structure system can induce the system to follow asymptotically any given desired trajectory x d irrespective of the presence of the uncertainty in the system, adversely excites the vibrations of the flexible appendage. Thus it becomes necessary to design a vibration attenuator added to the variable structure output feedback controller so that the flexible vibrations can be effectively damped out. A straightforward approach is to take advantage of recent developments in smart structure control and integrate active members, such as piezoelectric materials, into the flexible appendage, which provides additional sensor and actuators for feedback control. Vibration suppression and accurate pointing are then accomplished using these two separate control loops.
Smart Structure and Active Vibration Control
Strategies. A smart structure employs distributed sensors and actuators to apply localized strains to insure the system responds in a desired fashion. The smart structure has the capability to respond to a changing external environment ͑such as loads or shape change͒ as well as to a changing internal environment ͑such as damage or failure͒. Smart actuators can be used to alter system characteristics ͑such as stiffness or damping͒ as well as of system response ͑such as strain or shape͒ in a controlled manner. In this paper, piezoelectric material will be used as a sensor to detect and as an actuator to suppress structural vibration. Piezoelectric materials possess the property of piezoelectricity, which describes the phenomenon of generating an electric charge in a material when subjected to a mechanical stress ͑direct effect͒ and, conversely, generating mechanical strain in response to an applied electric field. This property prepares piezoelectric materials to function as both sensors and actuators and makes them attractive for structural control applications.
For control of the smart structures, a wide range of approaches have been proposed. Here we just present the application of constant-gain negative velocity feedback ͑CGNVF͒, positive position feedback ͑PPF͒ control, and linear quadratic Gaussian ͑LQG͒ control to active vibration suppression of a flexible appendage using embedded piezoelectric actuators and sensors.
Positive Position Feedback (PPF) Control.
The PPF control scheme shown in Fig. 3 is well suited for implementation utilizing the piezoelectric sensors and actuators. This approach has several desirable characteristics: it is insensitive to spillover, the method cannot be destabilized by finite actuator dynamics, and it is amenable to strain sensing since it uses generalized displacements.
The equations describing PPF control operation are given as ͓5,8͔
where s is the modal coordinate vector describing displacement of the structure, D s is the modal damping matrix of the structure, ⍀ s is the modal frequency matrix of the structure, a 1 is a constant related to actuator sensitivity, Ḡ is the feedback gain matrix, is the compensator co-ordinate vector, D c is the compensator damping matrix, ⍀ c is the compensator frequency matrix, a 2 is constant representing sensor sensitivity, and Ĉ is a fully populated participation matrix which determines the influence of each sensor/ The selection of PPF gains is dictated by a stability criterion, which is in the form of positive definiteness of a matrix consisting of feedback gains and system parameters as follows:
LEMMA 2. ͑See Ref.
͓5͔.͒ The stability condition for the two combined systems can be written as
⍀ s − a 1 a 2 Ĉ T Ḡ Ĉ Ͼ 0 ͑17͒ i.
e., the matrix should be positive definite. Note that feedback gain matrix Ḡ consists of each feedback gain which is associated with each flexible mode.
Remark 2. It also should be noticed that the stability criterion equation ͑17͒ does not depend on the structural properties of the compensator.
For a single mode control with single compensator, the operation of the compensator can be illustrated by frequency domain analysis. The combined systems frequency response characteristics for the single mode are shown in Fig. 4 . It is seen in the figure that, when the PPF compensator's natural frequency is in the region of the structure's natural frequency, the structure experiences active damping. Additionally, when the compensator's natural frequency is lower than the structure's natural frequency, active flexibility results, and when the compensator's natural frequency is larger than the structure's natural frequency, active stiffness results. Clearly, the controller efficiency is maximized when the compensator and system natural frequencies match together.
On the other hand, the effect of the compensator's damping ratio, c , is also discussed as follows. Larger values of the damping ratio c will result in a less steep slope, thereby increasing the region of active damping. The difference in the slope of the phase angle can be shown from Figs. 5 and 6 with c = 0.1 and c = 0.5. In this sense, a larger value of c ensures a larger region of active damping and therefore will increase the robustness of the compensator with respect to uncertain modal frequency. However, it is expected to result in slightly less effective damping and in increased flexibility at lower modes as a trade-off.
Linear Quadratic Gaussian (LQG) Control.
To minimize the vibration of the flexible appendage, the linear quadratic Gaussian ͑LQG͒ method is also used, for the comparison. At the end of the slew maneuver, the attitude control torque is sufficiently high such that = Х 0 and only vibration suppression will be considered. From Eq. ͑1b͒, we see in this case that the elastic vibration becomes decoupled from the rigid body motion and becomes
If the state vector x = ͓͔ T is defined, the equation ͑18͒ can be rewritten in state space form such that
In the LQG control process, the first step is the definition of a performance matrix which can be defined by quadratic cost function in the state and the control variables which can be written
where Q is a symmetric and positive semi-definite weighting matrix on the states, R is a symmetric and positive definite weighting matrix on the controller outputs, and is the relative state to control weighting design parameter. If we consider the linear time-variant system described by Eqs. ͑19͒, the object of the regulator design is to find a control law of the form
which minimizes J c . If the regulator design is restricted to timeinvariant control law, K f will be a constant coefficient matrix and v d is assumed in the regulator design in which all of the states are measured. It can be shown that the gain matrix K f which minimizes the performance index is given by
where P is the solution of the steady-state matrix Ricati equation
and R, Q, Ā and B are specified in Eqs. ͑20͒ and ͑19͒. It is to be noted that in the above optimal controller v a , the feedback is of the full states of x of the system. However, in practical situations we may not always be able to obtain all the states of the system and often the output is a possible combination of all the states. The rest part of the LQG design process constructs an estimator which estimates all of the system states from the system outputs. The design of the state estimator can be done using the Kalman estimator or by standard pole assignment techniques. The estimator will have the form of the time-invariant system,
where x e is the state estimate vector and L is the estimator gain matrix. In a manner analogous to the regulator design problem, it can be shown that the optimal estimator gain matrix L is given by
͑25͒
where P e is the solution to the steady-state Riccati equation
and where Ā and C are defined in Eq. ͑19͒. In the LQG theory, the estimator weighting matrices, R e and Q e , are defined as the covariance of the process noise and sensor noise, respectively. In practice, however, these terms are often difficult to measure; R e and Q e are treated as design parameters to provide a trade-off between relying on an uncertain plant or relying on the noise-corrupted sensor output when determining the state estimate vector.
Numerical Simulations
In order to demonstrate the effectiveness of the proposed control schemes, numerical simulations have been performed and presented in this section. The key technical indexes of flexible spacecraft used in the simulation are given in Ref. ͓8͔ and type PZT-5A piezoelectric ceramic plates ͓6,7͔ are bonded to the surface of the flexible appendage. In this work, the first two low-order modes of five, 3.161 and 16.954 rad/ s, respectively, are mainly considered in the flexible system.
In the simulation, the flexible spacecraft is commanded to perform a 60 deg slew. The matched disturbance of f = B͑sin 5t͒ is given in the simulation. For comparative purposes, four different cases of 60 deg slew of the flexible spacecraft are conducted: ͑1͒ slewing using only variable structure output feedback control ͑VSOFC͒; ͑2͒ slewing using VSOFC and constant-gain negative velocity feedback ͑CGNVF͒-based active vibration control; ͑3͒ slewing using VSOFC and LQG-based active vibration control; and ͑4͒ slewing using VSOFC and PPF control-based active vibration control. Case ͑1͒ is compared against cases ͑2͒-͑4͒ to demonstrate the advantages of active vibration reduction using piezoceramics. On the other hand, with the presence of the variable structure output feedback attitude controller, three different active vibration control approaches, CGNVF control, as well as LQG and PPF control, have been studied and compared for active vibration control using a piezoelectric sensor/actuator.
VSOFC Case.
The theorem and Lemma 1 given in Sec. 3 suggest the following algorithm, by which the controller in Eq. ͑10͒ can be designed.
Algorithm.
Step 0͒ Input A, B, C, G 1 , and ⍀, where G 1 defines the switching surface.
Step
Step 4͒ Decompose GC as GC = U⌺V 1 T .
Step 5͒ Let 2␥ 2 =− min
Step 6͒ Choose ␥ ജ ␥ min , where ␥ min =max͑ , ␥ 1 + ␥ 2 ͒ and Ͼ 0 is small.
Step 7͒ Let N =−␥G − GCAV 1 ⌺ −1 U T G. The attitude controller design procedure outlined above has four design parameters, which are all scalar: ⍀, ␥, ␣, and ␦. There are trade-offs among these parameters that must be considered when designing this control system. The goal of the design is to achieve good robustness and disturbance rejection, which can be achieved during the sliding phase. Therefore, the sliding surface should be large as possible, while the reaching time should be small; the boundary should also be small. Namely, making ⍀, ␥, and ␣ large while making ␦ small can achieves this goals. On the other hand, the control signal should be smooth enough to avoid chattering and it should not have large peak values; therefore, ␥ and ␣ should be reasonably small. Moreover, many actuators do Transactions of the ASME not tolerate high switching levels even if the switching is somewhat smoothed. Therefore, the size of the discontinuous part of the control, ␣u d , should be within an acceptable range. Considerable simulations have been done for determining the parameters ⍀, ␥, ␣, and ␦, while only one case of this numerical studies is given for the space limitation: ⍀ = 10, ␥ = 0.9, ␣ = 15, and ␦ = 0.05; the details of the trade-offs on these parameter selections can be found in Ref.
͓26͔. In the simulation, for reducing chattering in an actual implementation, the discontinuous controls are replaced by smoothed control given in Eq. ͑15͒. Figure 7 shows the results of implementing only the variable structure output feedback controller acting on the rigid hub. It is clear from the plot of the top of Fig. 7 that the imposed desired angular displacement is accurately achieved by employing the VSOFC law. The relatively large amplitude vibrations excited by rapid maneuvers can be passively suppressed and the flywheel torque is less oscillatory as shown in the three plots at the bottom of Fig. 7 . Even though the variable structure output feedback controller can suppress the relatively large amplitude vibrations induced by rapid maneuvers, some residual micro-vibrations may be present. It is sometimes desirable to further suppress the residual microvibrations for precision pointing/targeting of advanced spacecraft. It is suggested that the technique of active vibration control using PZT surface bonded on the beam as sensors/actuators should be used in conjunction with an attitude controller in order to further improve and fine tune the system performance.
VSOFC Integrated
With CGVF Case. In order to further suppress the micro-vibrations, first the constant-gain negative velocity feedback ͑CGNVF͒ method is investigated. The control law, or the actuator input e a , can be written in the following form ͓4͔: The control performance using CGNVF with gain 100 is shown in Fig. 8 . As compared with only the VSOFC case, in about 30 s, the orientation of the flexible spacecraft rigid body converges to around 60 deg with the VSOF controller as shown in the top of Fig. 8 . Moreover, the vibration of the flexible modes can be dramatically reduced as shown in the two plots at the bottom of Fig.  8͑a͒ . Figure 8͑b͒ shows the time response of the flywheel control torque and the piezoelectric sensor output voltage.
Though the CGNVF method can be an effective method for actively reducing the vibration of a flexible appendage, however, the unmodeled phase shift is one of the most important effects which limit the performance of feedback controllers in practical mechanical systems. Another point to be kept in mind is that the actuator voltage should not exceed the breakdown voltage of the actuator ͑at which it will losse its piezoelectric property͒ ͓4͔. Figures 9-11 show the results of implementing a PPF compensator on the flexible appendage using piezoelectric sensors as input and piezoelectric actuators as output. The design of the PPF compensator for single mode and multimode are studied here. For the single case, only one sensor and actuator were used in the control loop, while for the multimode case, each compensator used a separate sensor and actuator pair in a control loop like that illustrated in Fig. 3 . Figure 9 shows the actively controlled case for the first mode. The frequency of the compensator was set at the first modal frequency of the beam, the damping ratio was 1, and the feedback gain was 0.8. As seen from Fig. 9 , the vibration of the first mode can be significantly reduced during and after the slew operations but residual oscillations occur at the second-mode resonant frequency. The time response of the flywheel control torque is very smooth and the piezoelectric sensor output voltage is within the voltage range of the actuator. Figure 10 shows the results of controlling a pure second-mode response. For this case, the frequency of the compensator was set at the second modal frequency of the beam, the damping ratio was 1, and the gain was 0.5. In this case, it shows good damping for the second mode but residual vibrations at the first mode resonant frequency. It is clear from Figs. 9 and 10 that the single-mode PPF compensator can suppress the dominant mode of vibration but allows residual oscillations at the other mode resonant frequency Figure 11 shows the results of controlling a combined first-and second-mode response. In this case, by taking care of suppressing first and second modes simultaneously, the flexible appendage maintains good damping characteristics for the first mode with a performance enhanced for the second mode. All of the cases, single mode or multimode PPF compensators to control the modal vibrations, compared with the case of CGNVF control, can significantly reduce the vibration of the flexible appendage.
VSOFC Integrated With PPF Case.
3.4 VSOFC Integrated With LQG Case. The effectiveness using LQG optimal control was evaluated in this section. In accordance with Eq. ͑20͒, Q, R, and were chosen for the regulator design. Since only one actuator was adopted for convenience, R was chosen to be 1, and was adjusted to obtain the desired performances. The estimator weighting matrices, Q e and R e , were used as design parameters to be adjusted rather than actual measurements of the noise covariance. By making R e be 1 and adjusting Q e , an estimator was found which provided rapid convergence on the state while being relatively insensitive to sensor noise. The LQG weighting parameters are shown below: R = R e =1, =2. Figure 12 shows the performance of the LQG controller for the active damping of the first two modes. From comparison with the case of CGVNF case, the MIMO LQG controller performs slightly better than the CGNVF controller, but this is achieved at the expense of greater complexity. While compared with the PPF control case, the LQG controller is more effective than the singlemode PPF compensator for suppressing two vibration modes, but poorer than the multimode PPF case. The results of the LQG control for active vibration damping is that it can provide damping to all modes; however, it cannot provide high damping for a specific mode.
Conclusions
A generalized scheme based on the variable structure output feedback control ͑VSOFC͒ and active vibration control technique using piezoceramics as the actuator/sensor has been proposed for the large angle attitude maneuver control of flexible spacecraft. The design process is twofold: design of the attitude controller using VSOFC acting on the hub and design of an additional independent flexible control system using piezoceramics as sensors and actuators for further actively suppressing certain flexible modes. The attitude controller can stabilize the flexible spacecraft system, in which the attitude and angular rate information are available and no estimated modal information is required, and passively suppress the relatively large amplitude vibrations excited by rapid maneuvers. For further suppressing the microvibration, active vibration control using piezoelectric materials as actuator and sensor is adopted. Three different algorithms, namely, constant-gain negative velocity feedback ͑CGNVF͒ control, positive position feedback ͑PPF͒ control, and linear-quadratic Gaussian ͑LQG͒ control, are designed acting on the flexible appendage. Both single-mode vibration suppression and multimode vibration suppression are studied. The comparison results show that these control methods have unique advantage for vibration suppression: CGVNF is quite simple and less effective, PPF control is effective in providing high damping for a particular mode and is easy to implement, and LQG control provides damping to all modes; however, it cannot provide high damping for a specific mode.
